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• How to determine  energy transfer (ET) rate experimentally ? 
 
• How to distinguish between non radiative (Förster ET) and 
     radiative (Purcell, reabsorption) effects ?  
 
• How does FRET work at low temperatures when mostly the dark  
     (dipole-forbidden) exciton is populated ?  
     Can the dark exciton participate in FRET ? 
                                          
Questions:  
 
 
 
 
 
  
 
 
Non radiative life time: 
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Account of retardation: 
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ET rate: 
Local field effect: 
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Donor decay: 
Small separation (long wavelength limit): 
Large separation:  
Non radiative life time: 
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Non radiative life time: 
Förster radius: 
 Effective ET at r <2 R0 is the non radiative process 
 and determines the modification of the donor life time                                 
Numerical results: 
Numerical results: 
Förster radius: FRET efficiency: 
Förster radius depends strongly 
 on the  acceptor radiative rate 
Band edge exciton fine structure: 
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Dark exciton  radiative recombination 
Activation of the dark exciton recombination 
1D- dipole 2D- dipole 
Magnetic field, 
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Dark exciton is activated by  admixture of the bright exciton states  
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Activation of the dark exciton PL in  magnetic field 
Dark exciton has dipole momentum and participates in PL.  
Can dark exciton participate in FRET ? 
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Experiment: CdTe nanocrystals (d=3.4 nm) 
Shift of PL maximum in CW 
   
High density area 
• large shift (49 meV) 
• High energy transfer efficiency 
Low density area 
• small shift (30 meV) 
• low energy transfer efficiency 
high density 
area 
low density 
area 
Shift of  PL maximum ~ Density of  NCs (distance between NCs)  ! 
x0.4 
CW and Time-resolved shift of the PL maximum  
CW  PL  shift does not  depend on B Time-resolved  PL  shift  depends on B ! 
Spectral dependence of the PL dynamics 
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PL  decay depends on the energy.  The difference is due to  the ET !  
Model of the energy transfer 
Exciton populations 
PL dynamics 
Shift of  the PL  spectrum in CW regime 
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Effect of the magnetic field on the PL dynamics: 
Simulations with ET 
Eda = 105 meV  
 
dark exciton recombination rate: 
 
  
energy transfer rate: 
Dark exciton  
in donor NC: 
Dark exciton in donor  
and acceptor NCs: 
Effect of the magnetic field on   
energy transfer efficiency: 
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Effect of the magnetic field on the  PL shift 
CW  PL  shift does not  depend on B 
Time-resolved  PL  shift  is increased  in B 
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Effect of the NC density on the CW  PL  shift: 
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 of CdTe colloidal NCs : 
Numerical results: 
Experimental  results at 4.2 K: 
 At low temperatures ET in ensemble of CdTe colloidal NCs 
 is dominated by the FRET from  dark exciton states 
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Energy transfer explains the narrow PL line  
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FRET between two arrays  
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ET Förster radius in arrays  
of CdSe/ZnSe  quantum dots  
Numerical results: 
T=5 K 
The exiton transfer is via the  Förster resonance ET ! 
At low temperatures both bright and dark excitons  
participate in PL and  ET  ? 
Rda=w 
Summary 
•The donor lifetime can be significantly modified only due to the 
nonradiative dipole-dipole  Förster resonance energy transfer. 
 ET efficiency depends on the acceptor characteristic times.  
 
•At low temperature ET in ensemble of CdTe colloidal NCs  is 
dominated by  the FRET from dark exciton states. The dark 
exciton dipole momentum is caused  by the admixture of the 
bright exciton and  enhanced in magnetic field. 
 
•The  Förster resonance energy transfer in  arrays of  epitaxial 
CdSe/ZnSe quantum dots is  demonstrated by time- and space-
resolved photoluminescence spectroscopy. Probably both bright 
and dark exciton states are involved at low temperatures.   
